Introduction
After a long history of attempts to bring together different metabolic disorders such as diabetes, gout, glucose intolerance, and insulin resistance with central obesity and fatty liver as well as hypertension and cardiovascular diseases (CVD), one of the authors of this overview described this syndrome already in 1981 as follows: 'The metabolic syndrome represents the common prevalence of obesity, hyper-and dyslipoproteinemia, maturity-onset diabetes (type 2), gout, and hypertension associated with increased incidence of atherosclerotic vascular disease, fatty liver, and gallstones that develops on the basis of genetic susceptibility combined with overnutrition and physical inactivity. If this working hypothesis can be confirmed, it provides the basis for integrated diagnostics and prevention of this cluster of diseases which is of central importance for health care' ( fig. 1 ) [1] .
35 years later, after many evolutionary changes in definition and some critical discussions about the usefulness of the term metabolic syndrome and its interpretation in clinical practice, we would like to conclude that the initial and primary idea of a tight and early connection between metabolic dysregulation and vascular dysfunction has now a more convincing and broader scientific basis and has found its way into the clinical evaluation of patients. If nothing else, it can be translated as a guide to individualized riskadjusted treatment of these diseases.
In the Diabetes in Germany (DIG) study, eleven different combinations of the main traits of the metabolic syndrome were identified in 4,020 unselected patients aged 35-80 years with type 2 diabetes [2] . Based on the American Heart Association/National Heart, Lung, and Blood Institute definition [3] , the prevalence of the overall metabolic syndrome in this group was 74.4%, with an odds ratio for atherosclerotic vascular diseases of 1.41 and a wide range of odds ratios for other clusters (0. 47-10.9) .
With better knowledge on the molecular mechanism how the different clusters are related and how a probably early interaction
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takes place between disturbed metabolism and dysfunctional vasculature, we believe that much more attention should be directed to the processes leading to this interplay. This holds true also for the treatment of the different traits of the syndrome expressed as different combinations of central obesity, atherogenic dyslipidemia, hypertension, and hyperglycemia regarding positive and negative pharmacological interactions of selected medications. These were the reasons why in 2007, a group of clinicians and scientists in Saxony (Germany) established the term metabolic vascular syndrome, developed and published a special practice guideline [4] , integrated the concept into special antidiabetic treatment strategies [5] , and used it to guide an individualized treatment [6] . In our definition of the metabolic vascular syndrome, we traditionally included type 2 diabetes as part of this syndrome since we are convinced that also in most of the type 2 diabetic patients the abovementioned typical metabolic dysfunctions are causative and lasting ( fig. 2 ).
Because our definition also includes impaired fasting glucose and impaired glucose tolerance as part of the syndrome, for these prediabetic patients the individual syndrome traits can be used to calculate the diabetes risk, which is considerably higher if glucose homeostasis is dysregulated [7] .
Traits, Genetic Susceptibility, and Insulin Resistance
We do not deny the importance and practical value of defining critical values for the main traits of the metabolic syndrome (waist circumference adapted for ethnicity, blood pressure, serum concentrations of triglycerides and high-density lipoprotein (HDL) cholesterol as well as plasma glucose values) for a worldwide unifying 'definition' of the metabolic syndrome and early prevention [8] . However, we believe that the understanding of how the different traits interact and how this syndrome can be treated is more important than counting the number of components (e.g. 3 out of 5) and making a diagnosis. Without any doubt the metabolic syndrome is more than a cluster of premorbid risk factors with type 2 diabetes as a major cardiovascular risk factor as a key component.
Coming back to our roots in 1981, our understanding of the concept of the metabolic (vascular) syndrome includes the genetic predisposition or susceptibility to the different traits as well as insulin resistance (hyperinsulinemia as a consequence) as part of the pathophysiological background. Insofar, our earlier description and our current concept of the metabolic vascular syndrome include many of the ideas presented by the pioneers of the insulin resistance syndrome [9, 10] . Insulin resistance is defined as a clinical state in which a normal or elevated insulin level produces an attenuated biological response [11] . Because insulin-stimulated glucose uptake can easily be measured, many of the studies on insulin resistance were related to this insulin action. However, insulin stimulates or inhibits a much greater variety of metabolic pathways in many tissues. Metabolic pathway-selective insulin resistance is now becoming more and more important in the understanding of the complex network of the metabolic vascular syndrome.
In the liver, insulin normally stimulates glucose uptake, glucose oxidation, and glycogen synthesis, suppresses gluconeogenesis, and stimulates triglyceride synthesis and secretion via very-low-density lipoproteins (VLDL).
Fatty acid-induced insulin resistance in the liver and muscle is mainly related to enhanced fatty acid uptake and production of diacylglycerol (DAG), which interacts with further intracellular signaling (for review see [12] ). In short, in the liver, DAG stimulates protein kinase Cε (PKCε), which inhibits the activation of insulin receptor substrates (IRS 1 and 2) and pAkt2, leading to the suppression of glycogen synthesis and reduced glycogen storage but also to a diminished suppression of the Forkhead box protein O1 (FOXO1) and a reduction in the suppression of gluconeogenesis. The net effect of insulin resistance is an enhanced glucose output from the liver. In contrast, triglyceride synthesis and VLDL release remain intact and are even enhanced. This metabolic paradox is called selective insulin resistance and was explained by the upregulation of SREB-1c [13] , with the suggestion of mTORC1 kinase being the branch point [14] .
Another explanation of the 'selective insulin resistance' paradox in the liver was recently suggested [15] . In a model of mice with completely deleted insulin signaling intermediates Akt and/or FOXO1, mice lacking Akt in the liver were hyperglycemic after carbohydrate feeding, an effect that was lost by FOXO1 deletion. Mice lacking only Akt had an 80% reduction in de novo lipogenesis but additional FOXO1 deletion had no effect on reduced lipogenesis. From these and other results the authors concluded that liver insulin signaling through Akt is essential for hepatic lipid synthesis even in the absence of FOXO1 or if FOXO1 is inhibited. Interestingly, insulin was able to suppress hepatic glucose production even in insulin signaling-deficient mice, so the concept of a cell-nonautonomous control of hepatic glucose production under conditions of insulin resistance evolved. In further studies it could be shown that insulin suppression of hepatic glucose production in vivo was independent of vagal stimulation and glucagon in livers deficient in insulin action but dependent on the regulation of circulating fatty acids coming from other tissues by insulin. In the muscle, insulin resistance is induced by high fatty acid uptake, DAG-activated PKCθ, and the following suppression of pIRS1, lower Akt2, reduced GLU4 activation, and reduced activity of glycogen synthase with the net effect of reduced glucose uptake and glycogen storage as well as enhanced triglyceride accumulation. Skeletal muscle insulin resistance is strongly related to hepatic de novo lipogenesis, increasing liver triglyceride synthesis, and reduced HDL concentrations (for recent review see [12] ).
Selective insulin resistance exists in adipocytes. In a special experimental setting, all models of insulin resistance in adipocytes showed a reduced glucose uptake at the maximum dose of insulin. On the contrary, other major actions of insulin were normal, e.g. protein synthesis and antilipolysis, although with an already known higher sensitivity for stimulation (protein synthesis) and inhibition (antilipolysis) compared to the stimulation of glucose uptake [16] . The authors concluded that the primary defect in this kind of selective insulin resistance should be on the level of glucose transporter activation and/or cycling. Recent observations that the intracellular sorting receptor SORLA is involved in the insulin receptor (IR) translocation from endosomes to the plasma membrane and can modulate insulin-dependent rates of lipolysis in white adipose tissue opens up a new pathway of selective insulin resistance [17] . Another candidate involved in the development of adipocyte insulin resistance is IRF3, a transcriptional regulator of immune response genes which can drive the inflammatory response within the adipocyte [18] . By means of binding to toll-like receptors (TLR), saturated fatty acids can induce endoplasmic stress by stimulating intracellular signaling cascades (e.g. c-Jun Nterminal kinase (JNK), IκB kinase β (IKKβ) and are obviously able to induce adipocyte insulin resistance and inflammatory responses [19] . Last but not least, DNA damage (telomere shortening and/or DNA double-strand breaks), which is already visible at the onset of obesity, and activation of the p53 pathway might contribute to insulin resistance in adipocytes with reduced glucose uptake, increased lipolysis, enhanced release of glycerol and free fatty acids (FFA), and progression of inflammation [20] .
Selective Vascular Insulin Resistance
Another important factor, i.e. selective vascular insulin resistance, was found to be a key mediator for the development of vascular dysfunctions in diabetes [21] . Because insulin resistance is early evolving in some traits of the metabolic vascular syndrome and hyperinsulinemia is often observed in obesity, most of the molecular mechanisms discussed in this comprehensive review are present in the metabolic vascular syndrome and should lead to the same results.
Normally, endothelial and vascular smooth muscle and pericyte functions are in a balanced state. Through activation of the IR, two cascades of signaling molecules are activated. One cascade involving IRS, phosphatidylinositol-3-kinase (PI3K), and protein kinase B (Akt) leads to suppression of vascular cell adhesion molecule 1 (VCAM-1) and stimulation of vascular endothelial growth factor (VEGF), modulates heme oxygenase 1 (HO-1), and stimulates expression of endothelial nitric oxide synthase (eNOS). This first cascade is responsible for vasodilation and reduction of monocyte adhesion, inflammation, and oxidative stress of vascular smooth muscles and protects against atherosclerotic changes of the vessel wall (antiatherosclerotic action).
In contrast, the second cascade, consisting of growth factor receptor-bound protein 2 (GRB2), Shc (a molecular adaptor protein), and mitogen-activated protein kinase (MAPK), enhances plasminogen activator inhibitor and endothelin-1, leading to vasoconstriction, cell proliferation, and migration, and has proatherosclerotic potency.
Both cascades allow a flexible adaptation of blood vessels during the dynamic changes in blood flow and energy supply but also during necessary developmental and repair processes.
Insulin resistance, induced in endothelial cells by stress, pathogenic activation of TLR, or inflammatory stimulation of tumor necrosis factor-α (TNF-α) receptors, inhibits the first cascade and reduces the protective antiatherosclerotic action. As the second cascade is not influenced by insulin resistance, its proatherosclerotic effects remain active. The inhibition or even inversion of the effects of the first cascade lead to a reduced metabolic flexibility of the endothelial cell to normal stimuli and to an imbalance in the regulation of smooth muscle activity towards atherosclerosis. The balance is even more disturbed if more severe hyperglycemia (hyperglycemic stress) enhances endothelial insulin resistance (glucotoxic form) and suppresses the first cascade. Additionally, hyperinsulinemia (as in obesity and in systemic insulin resistance) can stimulate the second cascade, leading to an exaggerated proatherosclerotic process ( fig. 3) . This model is able to explain why many of the patients already have CVD in the early non-diabetic stage of the metabolic vascular syndrome. It also explains why even moderate hyperglycemia (e.g. impaired fasting glucose and/or impaired glucose tolerance) heightens the risk of more CVD, as recently stated in a very profound pro and contra discussion on the term prediabetes [22, 23] .
The development of diabetes from a prediabetic stage adds the special problems of a marked diminished availability of insulin and profound hyperglycemia to the above-mentioned cardiovascular risks of an 'early' metabolic vascular syndrome.
There are many similarities in the pathogenetic mechanisms of selective vascular insulin resistance and severe insulin deficiency, which can easily be derived from the model explained above. A reduced or missing activation of the IRS/PI3K/Akt cascade in insulin signaling, whether by insulin resistance or by insulin deficiency, will ultimately promote the proatherogenic processes [21] .
Vascular pathology with insulin resistance also exists as primary part of a common soil of the metabolic vascular syndrome and is not simply a consequence of insulin resistance syndrome, dyslipidemia, or hypertension as atherogenic traits.
Obesity and the Metabolic Vascular Interplay
One of the main traits of the metabolic vascular syndrome is obesity. The adipocyte is now accepted as a 'professional' secretory cell (for review see [24] ) with broad adaptive capacity for fuel storage and release (white adipocytes) and energy/temperature regulation (brown and beige adipocytes). In contrast, adipose tissue, composed of adipocytes, fibroblasts as well as endothelial, angiogenic, and immune cells, is also very actively involved in the whole body regulation of metabolism and immunity. Whereas a normal body fat composition is healthy and even helpful in situations of starving and infections, diminished or dystrophic fat, e.g. in the case of lipodystrophy, is harmful. On the contrary, overnutrition and reduction of physical activity in connection with socioeconomic stress have led to a worldwide obesity epidemic and, on the individual level, to an increasing adaptation failure of the fat tissue with deleterious health consequences. Obviously, obesity is a common risk factor for CVD and cancer. However, not all obese patients seem to have an increased risk of CVD and cancer. Therefore, it seemed reasonable to differentiate between 'healthy obese' (HOB) and 'unhealthy obese' (UHOB) individuals [25, 26] . This concept stimulated an intensive research for protective and pathogenic factors during the development of obesity (for review see [27] ). Recent results from longitudinal studies and meta-analyses regarding the long-term outcome in HOB individuals suggested an even more complex situation, because a considerable part of the initially HOB patients switched over time (e.g. during 10 years) to the UHOB state whereas others show a higher degree of protection [28, 29] . That HOB might be a transient state at least for some HOB patients is supported by the observation of an only quantitative difference in obese patients with and without insulin resistance in insulin-stimulated gene expression but a considerable qualitative difference to normal-weight individuals [30] . This suggests an overall pathogenetic role for a more than normal fat accumulation. Critical expansion of visceral adipose tissue (VAT), leading to the visceral adiposity syndrome (for review see [31] ), seems to play a major role in the development of the metabolic vascular syndrome. Compared with subcutaneous adipose tissue (SAT), VAT is characterized by higher catecholamine-induced lipolytic activity and diminished antilipolytic effects of insulin, making VAT very sensitive to hormonal and neural changes during fasting and feeding. Additionally, whereas SAT is more efficient in the uptake of FFA, VAT has a higher capacity for glucose uptake and FFA release. In overfeeding, if the energy storage capacity of subcutaneous tissue is exhausted, VAT becomes the prominent energy store and the main cause of lipotoxic insulin resistance in the liver and other organs. Thus, VAT is an indicator and a driving force for the metabolic vascular syndrome ( fig. 4) . In addition to the visceral fat compartment (surrounding the gut), there is also a massive increase in ectopic fat deposition in the liver, pancreas, epicardium, and pericardium as well as in the renal sinus. All these depots can contribute to local and systemic insulin resistance and organ pathology (recently reviewed in [32] ).
According to the first description of the term metabolic syndrome [1] , abnormal hepatic fat accumulation is traditionally accepted as an important part of the syndrome. At least three mechanisms are involved in normal fat metabolism, ectopic fat accumulation, and selective insulin resistance in the liver, as recently pointed out in the following model [12] . Via direct insulin signaling, de novo lipogenesis in hepatocytes generates triglycerides from excess carbohydrate substrates and promotes VLDL synthesis and secretion to adipose tissue. This is the direct insulin-dependent pathway. Via action in adipose and muscle tissue, however, insulin is indirectly involved in hepatic fat metabolism. To explain these indirect effects of insulin, other pathways must be taken into account how triglyceride synthesis in the liver works without insulin.
In these pathways, esterification of preformed (external) FFA is largely due to enhanced lipolysis, especially when there is overt delivery of FFA and glycerol in insulin-resistant adipose tissue. A second phenomenon is the only partly insulin-dependent regulation of hepatic lipogenesis by glucose and especially fructose through sterol regulatory element-binding protein-1c (SRBP-1c) expression. This also explains why high fructose consumption is a part of the problem.
This diversification into direct and indirect insulin-dependent pathways can also explain why in the situation of hepatic insulin resistance, with failing suppression of glucose production by insulin, there is even an increase in liver fat accumulation. The increased turnover of fatty acids in the liver and the related enhancement of the lipid metabolite DAG seem to be responsible for selective insulin resistance in this organ. DAG can activate PKCε, the primary PKC isoform in the liver, and this PKC can bind and inhibit insulin receptor kinase activity and interrupt the normal insulin signaling pathway. Inhibition of this PKC can prevent high fatinduced non-alcoholic fatty liver disease (NAFLD) (for review see [33] ).
NAFLD, especially if progressing to non-alcoholic steatohepatitis (NASH), is associated with increased concentrations of inflammatory cytokines (e.g. C-reactive protein (CRP), fibrinogen, monocyte chemoattractant protein 1 (MCP-1), TNF-α as well as betatrophin, fibroblast growth factor (FGF)-21, and fetuin A).
In summary, fatty liver is mainly the result of enhanced insulinindependent lipid pathways but is linked to systemic insulin resistance by enhanced supply of FFA from insulin-resistant visceral fat depots, reduced uptake of glucose in muscle as well as meal-related fructose load.
Low-Grade Inflammation of Adipose Tissue: A Major Link to Vascular Dysregulation
The following question arises: What is the link between dysregulated fat tissue expansion and organ dysfunction? Low-grade inflammation stimulated by dysfunctional adipose tissue was one of the most accepted working hypotheses to explain the connection between (central) obesity and vascular dysfunction [34] . 10 years later, in a scientifically profound recent review, it was convincingly worked out that there are reasonable arguments to conclude that adipose tissue inflammation following adipocyte hypertrophy after long-term positive energy balance is a main driving force for insulin resistance in fat tissue itself but also for systemic insulin resistance and probably also for an obesogenic memory [35] . Key factors which determine monocyte infiltration and the development of an inflammatorily active macrophage phenotype are positive energy balance, lipid accumulation in adipocytes, adipocyte hypertrophy, reduced insulin sensitivity of hypertrophic adipocytes, and processes related to hypoxia, autophagia, and apoptosis. One of the causes of this pathogenic process is the limited expendability of fat tissue. The adipocyte proliferative capacity is obviously genetically determined and limited. The only way to store excessive energy is via adipocyte hypertrophy. At some point in this development, when the inflammatory process is initiated and a typical pattern of activated macrophages evolves in adipose tissue, inflammation becomes a self-perpetuating cycle [36] .
Bearing this in mind fat, tissue inflammation seems to be one of the leading causes of the metabolic-vascular syndrome, since many different secretory products of fat cells, such as proinflammatory cytokines, endothelial adhesion molecules, proatherogenic, procoagulative, and chemotactic mediators, and others, play a role in vascular dysfunction [37] .
Inflammatory Cytokines, Adipokines, and the 'Adiponectin Paradox' Observational studies in humans have shown a link between obesity, inflammatory markers, and CVD risk. CRP, which decreased the BMI-attributable cardiovascular risk, was predictive in an 11.4-year longitudinal population-based study, with a composite outcome comprising of the first event of fatal and non-fatal coronary heart disease as well as fatal and non-fatal stroke as the defined end points. However, there was no association with adiponectin or leptin concentrations [38] . Baseline TNF-α, change from baseline TNF-α and baseline CRP, and elevated baseline adiponectin seem to be harmful and related to cardiovascular death, myocardial infarction, stroke, and coronary artery disease in patients with type 2 diabetes, whereas leptin and increase of leptin was protective over time. These effects were dependent on BMI for change from baseline of MCP-1, TNF-α, and interleukin-6 (IL6) [39] . In a systematic review and meta-analysis of prospective studies to evaluate the overall quantitative contribution of adiponectin levels to the mortality risk in patients with CVD, increased baseline plasma adiponectin levels were significantly associated with an elevated risk of all-cause and cardiovascular mortality [40] . Other new data from patients with type 2 diabetes showed that the A allele of SNP rs822354 (in the ADIPOQ locus, which encodes for adiponectin) is associated with high serum adiponectin levels (both total and HMW isoform) and also with a high cardiovascular mortality rate after a follow-up period of 5.4 years [41] .
Three 'paradox' situations for adiponectin evolved over the years [42] . One is the reduced adiponectin concentration with growing visceral fat mass. The second is the above-mentioned repetitive observation of an association of higher adiponectin levels with CVD, taking into account the antiatherosclerotic, anti-inflammatory, and antidiabetogenic properties of this adipokine. The third paradox is the strong association of adiponectin-inducing alleles of the CDH13 gene locus with traits that lead to metabolic (vascular) syndrome, which is an area of further research.
Omentin, another adipokine, is mainly expressed in stromal vascular cells in visceral fat depots [43] . In general, omentin is thought to have a protective function in CVD [44, 45] . Omentin is also evident in human epicardial adipose tissue, with a reduced expression being related to coronary artery stenosis [46] . These observations contradict the results of a recent 3.5-year prospective observational study which showed that high plasma omentin concentrations might serve as a biomarker for an enhanced risk of cardiovascular mortality in patients with established or suspected stable coronary artery disease [47] . Leptin, about 20 years after its discovery as the key marker of the amount of energy stores with serum concentrations proportional to body fat mass but also regulated by short-and long-term food deprivation [48, 49] , is known as an appetite-suppressing hormone with many other regulatory roles and fortunate effects in leptin-deficient humans (for short review see [50] able to enhance the sympathetic nerve activity but also to upregulate the brain renin-angiotensin system during high-fat diet [51] .
Dysglycemia, Dyslipidemia, and Hypertension
Considering the central role of visceral and ectopic fat accumulation and their contribution to the development of pathway-specific insulin resistance, it becomes clear that many of the features of the other traits of the metabolic vascular syndrome can be explained as long-term consequences of this kind of metabolic dysregulation. Recent epidemiological data support this concept of a timed sequence of the appearance of the main traits of the metabolic vascular syndrome [52] . In women, abdominal obesity and hypo-α-lipoproteinemia were already observed in young adulthood, hypertension and hypertriglyceridemia in middle age, and diabetes later on. In men, abdominal obesity, hypo-α-lipoproteinemia, and hypertriglyceridemia occur in young adulthood, hypertension in middle age, and diabetes later. In a recent review, eleven factors are shown to be involved in the development of type 2 diabetes [53] . Beta-cell failure with reduced insulin secretion, 'paradoxical' enhanced glucagon secretion, disturbed incretin function, changes in the metabolism of adipose tissue, muscle, liver, and brain, adaptation failure of the microbiome in the gut, immune dysregulation and inflammation, dysfunctions in the stomach and small intestine, and enhanced glucose reabsorption in the kidney are discussed. Many of these organs and tissues are directly or indirectly compromised by the systemic actions of the above-mentioned fat tissue dysfunction and related inflammation and of course by an unhealthy lifestyle as a main trigger of this adaptation failure.
The same is true for enhanced release of VLDL and pathological changes in VLDL catabolism as well as HDL and LDL metabolism related to insulin resistance. These are the causes of the 'atherogenic dyslipidemia complex' in the metabolic vascular syndrome, which includes the 'lipid triad' hypertriglyceridemia, low HDL cholesterol, and qualitative changes in LDL particles (small, dense LDL) as well as an accumulation of remnant lipoproteins and postprandial hyperlipidemia [54] , accompanied by elevated apolipoprotein B and non-HDL cholesterol.
Although hypertension is a main trait of the metabolic vascular syndrome and has an important influence on the cardiovascular outcome, the relationship between the early traits and 'primary' hypertension is less clear [55] . Local renin-angiotensin systems are widely distributed, and one is also present in adipocytes (for review see [56] ). Additionally, substrates from isolated adipocytes may directly stimulate the secretion of aldosterone [57, 58] . The question of how these local systems interact with systemic RAAS is not fully understood. According to a recent investigation of systemic RAAS in obese humans, there was no association between visceral or subcutaneous fat tissue distribution and RAAS activity measures [59] . This does not exclude a harmful role of local or systemic RAAS activation during the development of the metabolic vascular syndrome because therapeutic RAAS interventions in these patients have shown protective cardiovascular effects. It is conceivable that selective vascular insulin resistance ( fig. 3 ) can contribute to systemic hypertension in many different ways.
Conclusion
The metabolic vascular syndrome is more than a risk factor constellation. In our view, and based on our earlier concept of the metabolic syndrome from 1981, it is a lifelong existing cluster of risk factors and diseases caused by overnutrition, lower physical activity, and socioeconomic stress. The main traits, i.e. visceral and ectopic fat accumulation with low-grade inflammation, NAFLD, arterial hypertension, dysglycemia, and dyslipidemia, are related to genetic susceptibility and systemic and/or selective insulin resistance as well as a parallel development of changes in the vascular system even in early stages of the syndrome. A better understanding of the multidimensional network of the metabolic vascular syndrome will lead to better tailored and better integrated preventive and therapeutic strategies for multimorbid patients.
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